2-Arachidonoyl-glycerol (2-AG) is an endocannabinoid that is released from postsynaptic neurons, acts retrogradely on presynaptic cannabinoid receptor CB1, and induces short-and long-term suppression of transmitter release. To understand the mechanisms of the 2-AG-mediated retrograde modulation, we investigated subcellular localization of a major 2-AG biosynthetic enzyme, diacylglycerol lipase-␣ (DAGL␣), by using immunofluorescence and immunoelectron microscopy in the mouse brain. In the cerebellum, DAGL␣ was predominantly expressed in Purkinje cells. DAGL␣ was detected on the dendritic surface and occasionally on the somatic surface, with a distal-to-proximal gradient from spiny branchlets toward somata. DAGL␣ was highly concentrated at the base of spine neck and also accumulated with much lower density on somatodendritic membrane around the spine neck. However, DAGL␣ was excluded from the main body of spine neck and head. In hippocampal pyramidal cells, DAGL␣ was also accumulated in spines. In contrast to the distribution in Purkinje cells, DAGL␣ was distributed in the spine head, neck, or both, whereas somatodendritic membrane was labeled very weakly. These results indicate that DAGL␣ is essentially targeted to postsynaptic spines in cerebellar and hippocampal neurons, but its fine distribution within and around spines is differently regulated between the two neurons. The preferential spine targeting should enable efficient 2-AG production on excitatory synaptic activity and its swift retrograde modulation onto nearby presynaptic terminals expressing CB1. Furthermore, different fine localization within and around spines suggests that the distance between postsynaptic 2-AG production site and presynaptic CB1 is differentially controlled depending on neuron types.
Introduction
Endogenous cannabinoids (endocannabinoids) are released from postsynaptic neurons and act retrogradely on presynaptic cannabinoid receptors, causing short-and long-term suppression of transmitter release. Endocannabinoid-mediated retrograde suppression (ERS) was found originally in the cerebellum (Kreitzer and Regehr, 2001a; Maejima et al., 2001 ) and hippocampus (Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001) and later in other brain regions (Alger, 2002; Wilson and Nicoll, 2002; Piomelli, 2003) . ERS can be triggered by three distinct modes: membrane depolarization that elevates intracellular calcium concentration ([Ca 2ϩ ] i ) to a micromolar range , activation of the Gq-protein-coupled metabotropic receptor/phospholipase C␤ (PLC␤) pathway leading to the production of diacylglycerol (DAG) Kim et al., 2002; Ohno-Shosaku et al., 2003) , and cooperative action of [Ca 2ϩ ] i elevation and Gq-protein-coupled receptor activation (Varma et al., 2001; Ohno-Shosaku et al., 2002; Hashimotodani et al., 2005; Maejima et al., 2005) . Of these, the third mode appears physiologically most relevant, because ERS is induced by weak activation of Gq-protein-coupled receptors and physiological [Ca 2ϩ ] i increase to a submicromolar range, either of which is subthreshold for ERS by itself Maejima et al., 2005) .
Cannabinoid receptor CB1 is expressed predominantly in the nervous system, whereas CB2 is present in the immune system (Matsuda et al., 1990; Howlett et al., 2002) . Immunohistochemical, biochemical, and electrophysiological studies using CB1 knock-out mice have provided evidence that CB1 is the major presynaptic cannabinoid receptor at inhibitory and excitatory synapses in various brain regions (Katona et al., 1999 (Katona et al., , 2001 ; Farquhar-Smith et al., 2000; Hajos et al., 2000 Hajos et al., , 2001 ; Wilson and Nicoll, 2001; Yoshida et al., 2002; Bodor et al., 2005; Kofalvi et al., 2005; Kawamura et al., 2006) . Intriguingly, CB1 is expressed in distinct interneuron subclasses in the hippocampus and also expressed in variable amounts at inhibitory and excitatory synapses in given neural regions (Katona et al., 1999; Hajos et al., 2000; Kawamura et al., 2006) , suggesting its importance in information processing and integration (Freund, 2003) .
2-Arachidonoyl-glycerol (2-AG) is one of the two major endocannabinoids (Devane et al., 1992; Mechoulam et al., 1995; Sugiura et al., 1995) and is synthesized on demand from DAG by sn-1-specific diacylglycerol lipase (DAGL) (Stella et al., 1997) . Experiments with 2-AG synthesis inhibitors showed that 2-AG indeed mediates short-and long-term ERS (Melis et al., 2004; Safo and Regehr, 2005) . Therefore, it is of great importance to clarify the site of DAGL expression to determine the site of 2-AG synthesis. Here we demonstrate that DAGL␣, one of the two DAGLs cloned to date (Bisogno et al., 2003) , is essentially targeted to postsynaptic spines. DAGL␣ is highly enriched at the base of spine neck but excluded from the main body of spines in cerebellar Purkinje cells, whereas DAGL␣ is distributed at the spine head, neck, or both in hippocampal pyramidal cells. The different fine localization in given neuron types suggests that specificity and efficiency of ERS depend not only on CB1 expression levels in presynaptic elements but also on the distance between postsynaptic 2-AG production site and presynaptic CB1.
Materials and Methods
Animal and section preparation. C57BL mice at the adult stage (2-4 months of age) and postnatal day 10 (P10) were used in the present study. Under deep pentobarbital anesthesia (100 mg/kg body weight, i.p.), brains were freshly removed from the skull and frozen in powdered dry ice for in situ hybridization. Frozen sections were prepared on a cryostat (20 m in thickness; CM1900; Leica, Nussloch, Germany) and mounted on silane-coated glass slides (Muto-Glass, Tokyo, Japan). For immunohistochemistry, anesthetized mice were fixed transcardially with 4% paraformaldehyde in 0.1 M sodium phosphate buffer (PB), pH 7.2, for light microscopy or 4% paraformaldehyde/ 0.1% glutaraldehyde in PB for electron microscopy, and microslicer sections (50 m) were prepared (VT1000S; Leica).
In situ hybridization. Fresh frozen sections were treated at room temperature with the following incubations: fixation with 4% paraformaldehyde in PB for 10 min, 2 mg/ml glycine-PBS, pH 7.2, for 10 min, acetylation with 0.25% acetic anhydride in 0.1 M triethanolamine-HCl, pH 8.0, for 10 min, and prehybridization for 1 h in a buffer containing 50% formamide, 50 mM Tris-HCl, pH 7.5, 0.02% Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum albumin (BSA), 0.6 M NaCl, 0.25% SDS, 200 g/ml tRNA, 1 mM EDTA, and 10% dextran sulfate. Hybridization was performed at 42°C for 12 h in the prehybridization buffer supplemented with 10,000 cpm/l [ 33 P]dATP-labeled antisense oligonucleotide probes. Probes were synthesized against nucleotide residues 3016 -3060 of the mouse DAGL␣ cDNA (GenBank accession number NM198114) and 1996 -2040 of the mouse DAGL␤ cDNA (GenBank accession number BC016105) and labeled using terminal deoxyribonucleotidyl transferase (Invitrogen, Carlsbad, CA). Slides were washed twice at 55°C for 40 min in 0.1ϫ SSC containing 0.1% sarcosyl. Sections were exposed to BioMax film (Eastman Kodak, Rochester, NY) for 4 weeks.
Antibody. We used affinity-purified primary antibodies raised against the following molecules (species immunized): mouse DAGL␣ (rabbit and guinea pig, see below); mouse protein kinase C␥ (PKC␥) (rabbit and guinea pig; see below); mouse calbindin [goat ]; mouse microtubule-associated protein-2 (MAP2) [goat ]; mouse parvalbumin [guinea pig (Nakamura et al., 2004) ]; mouse PLC␤4 [rabbit and guinea pig (Nakamura et al., 2004) ]; mouse 3-phosphoglycerate dehydrogenase (3PGDH) [guinea pig (Yamasaki et al., 2001) ]; rat vesicular glutamate transporter 1 (VGluT1) and 2 (VGluT2) [guinea pig (Miyazaki et al., 2003) ]; mouse vesicular ␥-aminobutylic acid transporter (VGAT) [guinea pig (Miyazaki et al., 2003) ]; mouse cannabinoid CB1 receptor [guinea pig (Fukudome et al., 2004) ]; and mouse type 1␣ metabotropic glutamate receptor (mGluR1␣) [rabbit ].
For production of antibodies, cDNA fragments, which are preceded with a BamHI site and encode C-terminal 42 amino acids of DAGL␣ (1003-1044 amino acid residues; GenBank accession number NM198114) or C-terminal 14 amino acids of PKC␥ (684 -697; GenBank accession number L28035), were obtained by PCR or by annealing of sense and antisense oligonucleotides, respectively. After the thymidine/ adenosine (TA) cloning using a pGEM-T Easy Vector System I kit (Promega, Madison, WI), cDNA fragments was sequenced and excised by BamHI and EcoRI. These fragments were subcloned into BamHI/EcoRI site of pGEX4T-2 plasmid (Amersham Biosciences, Piscataway, NJ) for Figure 1 . Specificity of DAGL␣ antibody and immunohistochemistry. A, Immunoblot. Rabbit (Rb) and guinea pig (GP) antibodies to DAGL␣ recognize a 105 or 120 kDa protein band in the hippocampus (Hi) and cerebellum (Cb), respectively. The position of standard protein markers is indicated to the left (kDa). B, Immunofluorescence for DAGL␣ in the adult mouse brain. Inset shows blank immunostaining in a control experiment using antibody preabsorbed with antigen. C-F, In situ hybridization for DAGL␣ (C-E) and DAGL␤ (F ) mRNAs in the adult mouse brain. CP, Caudate-putamen; Cx, cerebral cortex; GL, granular layer; Mb, midbrain; ML, molecular layer; MO, medulla oblongata; OB, olfactory bulb; PC, Purkinje cell layer; Py, pyramidal cell layer; Ra, stratum radiatum; Th, thalamus. Scale bars: B, C, F, 1 mm; D, E, 10 m.
expression of glutathione S-transferase (GST) fusion proteins. GST fusion proteins were purified using glutathione-Sepharose 4B (Amersham Biosciences), according to the instructions of the manufacturer, and used for immunization to New Zealand White rabbits and Hartley guinea pigs. Antigens were emulsified with Freund's complete or incomplete adjuvant (Difco, Detroit, MI) and injected subcutaneously at intervals of 2 weeks. After the sixth injection, Ig specific to antigens were affinity purified using GST-free peptides coupled to cyanogen bromide-activated Sepharose 4B (Amersham Biosciences). GST-free peptides were prepared by in-column thrombin digestion of GST fusion proteins bound to glutathioneSepharose 4B media.
Western blotting. The hippocampus and cerebellum were homogenized using a Potter homogenizer with 15 strokes at 1000 rpm in 10 vol of ice-cold homogenizer buffer containing 0.32 M sucrose, 1 mM EDTA, 1 mM EGTA, 10 mM Tris-HCl, pH 7.2, and 0.4 mM phenylmethylsulfonyl fluoride. The protein concentration was determined by the Lowry's method. The homogenates were denatured by 50 mM (Ϯ)-dithiothreitol at 65°C for 15 min. Proteins (15 g/lane) were separated by SDS-PAGE and electroblotted onto nitrocellulose membranes (BioTraceNT; Pall Gelman Laboratory, Ann Arbor, MI). After blocking with 5% skimmed milk for 30 min, membranes were incubated for 2 h with rabbit or guinea pig DAGL␣ antibody (1 g/ml). Tris-buffered saline, pH 7.5, containing 0.1% Tween 20 was used for diluent and washing buffer. Immunoreaction was visualized with the ECL chemiluminescence detection system (Amersham Biosciences).
Immunohistochemistry. All immunohistochemical incubations were done at room temperature in a free-floating state. For immunofluorescence, cerebellar sections were incubated with 10% normal donkey serum for 30 min, a mixture of primary antibodies overnight (1 g/ml), and a mixture of Alexa Fluor-488-, indocarbocyanine (Cy3), and indodicarbocyanine (Cy5)-labeled species-specific secondary antibodies for 2 h at a dilution of 1:200 (Invitrogen; Jackson ImmunoResearch, West Grove, PA). For hippocampal sections, immunofluorescence was performed by two-step method, as follows. First, sections were incubated with 10% normal donkey serum for 30 min, rabbit DAGL␣ antibody (0.5 g/ml) overnight, biotinylated secondary antibody for 2 h, and streptavidin-peroxidase complex for 30 min using a Histofine SAB-PO(R) kit (Nichirei, Tokyo, Japan), followed by visualization using a tyramide signal amplification kit [TSA-DIRECT (Red); NEN, Boston, MA]. After blocking with 10% normal rabbit serum, conventional immunofluorescence was then used as above. PBS containing 0.1% Tween 20 was used for diluent of antibodies and washing buffer. Images were taken with a fluorescence microscope (AX-70; Olympus Optical, Tokyo, Japan) equipped with a digital camera (DP70; Olympus Optical) or with a confocal laser scanning microscope (FV1000; Olympus Optical).
For immunoperoxidase electron microscopy, microslicer sections were incubated successively with 10% normal donkey serum, rabbit DAGL␣ antibody (0.5-2 g/ml), biotinylated secondary antibody, and streptavidin-peroxidase complex as above. Immunoreaction was visualized with 3,3Ј-diaminobenzidine. For preembedding immunogold electron microscopy, microslicer sections were dipped in 5% BSA/0.02% saponin/PBS for 30 min, and incubated overnight with rabbit DAGL␣ (0.5-2 g/ml), guinea pig CB1 (1 g/ml), or rabbit PKC␥ (1 g/ml) antibody diluted with 1% BSA/0.004% saponin/PBS and then with antirabbit IgG linked to 1.4 nm gold particles (Nanogold; Nanoprobes, Stony Brook, NY) for 2 h. Immunogolds were intensified with a silver enhancement kit (HQ silver; Nanoprobes). Sections labeled by immunoperoxidase and silver-enhanced immunogold were treated with 2% osmium tetroxide for 30 min, stained in block with 2% uranyl acetate for 30 min, dehydrated, and embedded in Epon 812.
For postembedding immunogold electron microscopy, microslicer sections were cryoprotected with 30% sucrose/PB and frozen rapidly with liquid propane in an EM CPC unit (Leica). Frozen sections were immersed in 0.5% uranyl acetate in methanol at Ϫ90°C in an AFS freezesubstitution unit (Leica), infiltrated at Ϫ45°C with Lowicryl HM-20 resin (Lowi, Waldkraiburg, Germany), and polymerized with UV light. After etching with saturated sodium-ethanolate solution for 3 s, ultrathin sections on nickel grids were treated successively with 2% human serum albumin (Wako, Osaka, Japan)/0.1% Tween 20 in Tris-buffered saline, pH 7.5 (HTBST) for 30 min, rabbit DAGL␣ antibody (15 g/ml) in HTBST overnight, and colloidal gold (10 nm)-conjugated anti-rabbit IgG (1:100; British Bio Cell International, Cardiff, UK) in HTBST for 2 h. Finally, grids were stained with 2% uranyl acetate for 20 min and with mixed lead solution for 30 s. Photographs were taken with an H-7100 electron microscope (Hitachi, Tokyo, Japan).
For quantitative analysis, silver-enhanced immunogold particles for DAGL␣ on somatodendritic and spine membranes or for CB1 on parallel fibers were counted on electron micrographs. Furthermore, tangential and perpendicular distributions of DAGL␣ in spines were examined from 57 spines of parallel fiber-Purkinje cell synapses (postembedding immunogold) and 49 spines of CA1 pyramidal cell synapses (preembedding immunogold) and analyzed using IPLab software (Nippon Roper, Tokyo, Japan).
Results

Specificity of DAGL␣ antibody and immunohistochemistry
We produced polyclonal rabbit and guinea pig antibodies against C-terminal sequence of mouse DAGL␣. After affinity purification, both antibodies selectively recognized protein bands at 105 kDa in the hippocampus and at 120 kDa in the cerebellum (Fig.  1 A) . The molecular mass of the cerebellar band was almost similar to that reported previously (Bisogno et al., 2003) . By immunofluorescence with parasagittal brain sections, the highest immunoreactivity was detected in the cerebellar cortex and hippocampus ( Fig. 1 B) . Moderate levels were detected in the cerebral cortex, olfactory bulb, caudateputamen, and thalamus. The spatial patterns of immunostaining were essentially the same with use of rabbit and guinea pig antibodies. Preabsorption of antibodies with antigen protein abolished the immunostaining ( Fig. 1 B, inset) .
This immunostaining was compared with the distribution of DAGL␣ and DAGL␤ mRNAs. DAGL␣ mRNA was expressed at the highest level in the hippocampus and cerebellar cortex, in which autoradiographic silver grains were observed on hippocampal pyramidal cells, dentate granule cells, and cerebellar Purkinje cells but not on hippocampal nonpyramidal cells or cerebellar granule cells ( Fig. 1C-E ). Moderate expression of DAGL␣ mRNA was noted in the cerebral cortex, olfactory bulb, and thalamus. DAGL␤ mRNA also showed wide expression in the brain with particular abundance in the cerebral and cerebellar cortices, olfactory bulb, and dentate gyrus (Fig.  1 F) . However, its distribution differed from that of DAGL␣ mRNA in that DAGL␤ mRNA was expressed at the highest level in the cerebellar granular layer and relatively low in the hippocampal pyramidal cell layer and thalamus. These signals were abolished almost completely by addition of an excess amount of cold probes in the hybridization mixture (data not shown). Because Purkinje cells were predominantly immunolabeled in the cerebellum (see below), the pattern of immunostaining is thus similar to DAGL␣ mRNA expression, suggesting that antibodies produced in the present study are specific to DAGL␣. We applied these antibodies to examine cellular expression and subcellular distribution in the cerebellum (see Figs. 2-7) and hippocampus (see Figs. 8, 9) . In multiple labeling, DAGL␣ is in red and others are in green or blue throughout the present study.
Somatodendritic surface expression of DAGL␣ in Purkinje cell
In the cerebellum, DAGL␣ staining was virtually confined to the molecular layer, in which a tubular or cylindrical pattern of immunostaining was evident (Fig. 2 A1) . DAGL␣ expression in Purkinje cells was examined by double immunofluorescence with calbindin ( Fig. 2 A-D) . DAGL␣ staining was most intense and continuous on spiny branchlets (or distal dendrites), but spines emitting from spiny branchlets appeared to lack the labeling (Fig.  2 A1, inset, B) . The intensity became lowered and intermittent on proximal dendrites (Fig. 2 A1, inset) . In the soma of Purkinje cells, weak and spotty labeling was occasionally detected on the somatic surface (Fig. 2C) . In contrast, DAGL␣ labeling was not detected in axon terminals of Purkinje cells, which form synapses on neurons in the deep cerebellar nucleus (Fig. 2 D) . Expression of DAGL␣ in molecular layer interneurons was examined by triple immunofluorescence for calbindin (blue), parvalbumin (green), and DAGL␣ (Fig. 2 E1) . It is known that Purkinje cells express both calbindin and parvalbumin (light blue), whereas molecular layer interneurons express parvalbumin only (green). By subtracting the light blue color (representing Purkinje cell dendrites) from Figure 2 E1, dendrites, cell bodies, and axons of interneurons were selectively visualized as green elements, but they lacked DAGL␣ (Fig. 2 E2) . Possible expression of DAGL␣ in Bergmann glia was examined by double immunofluorescence for DAGL␣ and 3PGDH, a serine biosynthetic enzyme expressed in Bergmann glia but not in Purkinje cells or other neurons (Yamasaki et al., 2001 ). 3PGDH-positive Bergmann fibers were devoid of DAGL␣ immunofluorescence (Fig. 2 F) . These results demonstrate that, in the cerebellum, DAGL␣ is predominantly expressed in Purkinje cells and localized to somatodendritic elements, particularly at high levels in spiny branchlets.
Close apposition of DAGL␣ to other endocannabinoid signaling molecules
Endocannabinoids are effectively synthesized in Purkinje cells by conjunctive synaptic activation of ionotropic AMPA receptor and mGluR1 Brown et al., 2003; Brenowitz and Regehr, 2005) . Synaptic distribution of DAGL␣ was examined by multiple immunofluorescence for presynaptic markers and postsynaptic signaling molecules (Fig.  3) . DAGL␣ was hardly detected in VGluT2-labeled climbing fiber terminals, VGluT1-labeled parallel fiber terminals, or VGAT-labeled interneuron terminals (Fig. 3A-C) . Nonoverlapping pattern with presynaptic markers was also observed by double immunofluorescence for cannabinoid receptor CB1 (Fig. 3D) , which is expressed in these afferents (Kawamura et al., 2006) . Such nonoverlapping pattern was also seen for mGluR1␣ (Fig. 3E) , which is concentrated on dendritic spines, particularly at the perisynaptic annulus surrounding the edge of synaptic junction (Baude et al., 1993; Nusser et al., 1994) . Consequently, when triple immunofluorescence was performed for DAGL␣, mGluR1␣, and CB1, the three immunofluorescent signals were distributed in a mutually exclusive manner but closely apposed to one another (Fig. 3F ). PLC␤4 is a major PLC␤ subtype in Purkinje cells of the rostral cerebellum (Kano et al., 1998; Watanabe et al., 1998b) and was distributed in both spines and dendritic shafts (Nakamura et al., 2004) . Immunofluorescence signals for PLC␤4 overlapped with those for mGluR1␣ in spines and with those for DAGL␣ in dendritic shafts (Fig. 3G) . Therefore, DAGL␣ is localized close to CB1-carrying presynaptic elements and mGluR1␣/PLC␤4-carrying postsynaptic spines but apart from both of them.
Enriched localization of DAGL␣ at the base of spine neck and its adjacent somatodendritic membrane in Purkinje cell Ultrastructural localization of DAGL␣ in Purkinje cells was investigated by immunoelectron microscopy (see Figs. 4, 5) . By using the immunoperoxidase method, spiny branchlets were most strongly labeled (Fig. 4 A) , whereas proximal dendrites (Fig.  4 B) and somata (Fig. 4C,D) were labeled at low to moderate levels. Even with a diffusible peroxidase substrate (i.e., diaminobenzidine), immunoreaction products were often concentrated in the cytoplasm just beneath the somatodendritic cell mem- brane. Strong immunoreaction was observed in the neck of spines forming asymmetrical synapses with parallel fiber terminals (Fig. 4 A) , which were relatively small in size and contained a small number of synaptic vesicles accumulating near the synaptic junction. No immunoreaction was seen in the spine head (Fig.  4 A) or at symmetrical synapses formed onto dendritic shaft (Fig.  4 B) . In perikarya, immunoperoxidase labeling was considerably rare but occasionally encountered (Fig. 4C) . When carefully pursuing the labeled regions on serial sections, we found spines protruding from immunolabeled somatic membrane (Fig. 4 D) . Interestingly, somatic spines formed asymmetrical synapses with climbing fiber terminals, which were large in size and contained a large number of synaptic vesicles and dark cytoplasm. In such somatic spines, DAGL␣ labeling was also restricted to the neck region and its adjacent somatic membrane (Fig. 4 D) .
By using the preembedding silver-enhanced immunogold method, the cytoplasmic side of somatodendritic membrane was labeled. In spiny branchlets, metal particles representing DAGL␣ were associated with the cell membrane at the base of spine neck, whereas other regions of spines, including the head region, were little labeled (Fig. 4 E) . In proximal dendrites, DAGL␣ was distributed along the cell membrane but was excluded from the postsynaptic site of symmetrical synapses (data not shown). Spines emanating from proximal dendrites were much lower in density than those from spiny branchlets and were identified on serial sections to form synapses with climbing fiber terminals (Fig. 4 F) . Also in such spines, DAGL␣ was detected at the base of spine neck and its adjacent dendritic membrane. Using randomly taken electron micrographs, the number of metal particles per 1 m of the cell membrane was measured for the soma, proximal dendrite, spiny branchlet, and spine. The highest density was shown in spiny branchlets, and the density was declined sharply toward the soma (Fig. 4G) . Most particles that fell on the spine membrane were attributable to labeling in the neck portion.
Postsynaptic molecules, particularly those condensed at postsynaptic membrane or postsynaptic density, are often resistant to preembedding immunohistochemical detection because of limited antibody accessibility (Fritschy et al., 1998; Watanabe et al., 1998a; Fukaya and Watanabe, 2000) . This can be overcome by the postembedding immunogold method (Baude et al., 1995; Ottersen and Landsend, 1997) . We confirmed the lack of DAGL␣ labeling at synaptic junction by the postembedding immunogold method (Fig. 5 A, B) . Furthermore, this method disclosed that DAGL␣ was highly accumulated at the base of spine neck or the dendrite-spine border. This observation was quantitatively evaluated by counting the number of gold particles as a function of distance from the dendrite-spine border (Fig. 5C) . The peak distribution was found at the 0 -100 nm bin in the spine side, and labeling was steeply decreased toward both the spine head and dendritic shaft (n ϭ 57 spines). Then, we examined perpendicular distribution of DAGL␣ by measuring the distance from the midpoint of plasma membrane to the center of gold particles. The peak distribution was found at the 0 -10 nm bin toward the intracellular side of the plasma membrane (Fig. 5D) . Moreover, 82.3% of the total immunogold particles were located within 35 nm from the midpoint of the cell membrane, suggesting preferential cell membraneassociated distribution of DAGL␣ with the C-terminal epitope intracellularly. These results demonstrate that DAGL␣ is distributed on the somatodendritic cell membrane, particularly at high levels in the base of the spine neck. In contrast, DAGL␣ is selectively excluded from the spine head, on which excitatory afferents form asymmetrical synapses.
Because 2-AG synthesized by DAGL␣ presumably diffuses in the extracellular space and binds to CB1, it is important to clarify how CB1 is distributed on axons and terminals in relation to the 2-AG production site. Recently, we have shown that CB1 is highly accumulated on perisynaptic portion of parallel fibers (Ͻ500 nm from the edge of synaptic junction) (Kawamura et al., 2006) . In the present study, we analyzed parallel fiber synapses sectioned longitudinally to compare the distribution of CB1 on parallel fibers between synaptic and opposite sides. We found that CB1 labeling was preferentially detected on the axolemma facing Purkinje cell spines (Fig. 6 ). There was almost twice the number of metal particles in the synaptic side of axolemma (69.2%) compared with the opposite side (30.8%; n ϭ 65 total metal particles obtained from 17 parallel fiber synapses). Figure 4 D demonstrates highly localized distribution around spines in the soma, although such somatic spines were very rare at the adult stage. This observation strongly suggests that DAGL␣ expression is linked with the formation of spines or excitatory synapses. To test this possibility, we applied triple immunolabeling to the cerebellum at P10, when climbing fibers predominantly innervate somatic spines before translocation to dendrites (Altman, 1972; Chedotal and Sotelo, 1992) . At P10, many spots of DAGL␣ labeling were found and discontinuously surrounded the somatic surface of almost all Purkinje cells (Fig. 7 A, B) . This spotty labeling was observed just beneath VGluT2-labeled large terminals [i.e., climbing fiber terminals (Fig. 7B1,B2, green) ] and also beneath calbindin-labeled somatic spines (Fig. 7B1,B3 , blue), indicating spine-associated or climbing fiber synapseassociated localization of DAGL␣ in the soma. Compared with the intense labeling on the soma and proximal dendrites, levels of DAGL␣ labeling were apparently low in distalmost dendrites (Fig. 7A) , which grow actively at the border between the external granular layer and molecular layer (Yamada et al., 2000) . At a Figure 7 . Spine-or synapse-associated expression of DAGL␣ in Purkinje cells at P10 (A-C) and adult (D, E ). Triple labeling for DAGL␣ (red), VGluT2 (green), and calbindin (blue). Portions of A and D are enlarged in B and C or in E, respectively. Note that DAGL␣ is localized just beneath calbindin-stained somatic spines (arrowheads) and VGluT2-stained climbing fiber terminals (arrowheads) at both ages (B, E). Also note that distalmost dendrites in the superficial molecular layer at P10 are labeled less strongly for DAGL␣ than proximal shaft dendrites (C). EGL, External granular layer; GL, granular layer; ML, molecular layer; PC, Purkinje cell layer. Scale bars, 10 m.
Targeting of DAGL␣ to spine and excitatory synapse in developing and adult Purkinje cells
higher magnification, low but spotty labeling was already found on such distalmost dendrites (Fig. 7C1,C2 ) but was rarely associated with VGluT2-positive small terminals (Fig. 7C3) , representing immature parallel fiber terminals (Miyazaki et al., 2003) . This was also true for adult Purkinje cells (at 14 weeks of age), in which DAGL␣ immunolabeling on the somatic surface was localized in close association with VGluT2-labeled climbing fiber terminals (green) and calbindin-labeled somatic spines (Fig. 7E, blue) . Together, these results support the aforementioned notion that DAGL␣ is targeted to particular somatodendritic sites of Purkinje cells in which spines and excitatory synapses are formed.
Spine-selective and diffuse intraspine distribution of DAGL␣ in hippocampal pyramidal cell
Because ERS occurs at synapses in various brain regions (Alger, 2002; Wilson and Nicoll, 2002; Piomelli, 2003) , it is important to examine whether the features of DAGL␣ distribution found in cerebellar Purkinje cells are also applied to neurons in other brain regions. We therefore examined DAGL␣ distribution in hippocampal pyramidal cells, the neuron type most intensively studied so far. We found that tiny punctate labeling was predominant in the hippocampus (Fig. 8 A1) , which was apparently different from preferential somatodendritic surface labeling in the cerebellum. In the stratum radiatum of the CA1, DAGL␣-labeled puncta were distributed densely around MAP2-labeled thin dendrites (Fig. 8 A2) . In contrast, DAGL␣ labeling was weak in intensity and few in number in the stratum lacunosum-moleculare (Fig.  8 B) . Punctate labeling for DAGL␣ was not overlapped with, but apposed close to, both VGluT1-labeled glutamatergic terminals and VGAT-labeled inhibitory terminals (Fig. 8C) . Likewise, DAGL␣ labeling was not overlapped but often apposed closely to CB1 labeling (Fig. 8 D) . These results suggest that DAGL␣ is localized to certain postsynaptic structures in hippocampal pyramidal cells as well, but its fine distribution appears distinct from that in cerebellar Purkinje cells.
By immunoperoxidase (Fig. 9A-C ) and silver-enhanced immunogold (Fig.  9 D, E) electron microscopic analyses, we revealed in the CA1 stratum radiatum that DAGL␣ labeling was strong in dendritic spines but low or undetectable in the somatodendritic membrane. In addition, labeling pattern was variable from spine to spine. Some spines were labeled at the neck (Fig. 9 A, D) or head (Fig. 9 B, E) portion, whereas others were labeled at both portions (Fig. 9C) . These patterns of immunogold labeling were quantitatively assessed in CA1 pyramidal cells. Labeling density in the cell membrane of spines was apparently higher than that of somata, shaft dendrites, and thin dendrites, and the densities in the latter elements were even higher than the background level as determined from presynaptic membrane (Fig. 9F ) . The relative tangential distribution on spine membrane was plotted from the dendrite-spine border (0%) to the edge of the postsynaptic density (100%) (Fig. 9G) . Labeling was peaked twice, one at the base of spine neck (i.e., dendrite-spine border) and the other at the spine head.
These results suggest that DAGL␣ distribution is concentrated in spines of hippocampal neurons, but, within a spine, it is more widely or variably distributed compared with cerebellar Purkinje cells. However, essential features that DAGL␣ is closely associated with postsynaptic spines and excitatory synapses are applicable to both neuron types.
Discussion
In the present study, we have disclosed subcellular distribution of DAGL␣ in cerebellar Purkinje cells and hippocampal pyramidal cells. Characteristic distribution revealed in the two neurons will provide a molecular-anatomical basis for the scheme of activitydependent synthesis of 2-AG in postsynaptic neurons and its retrograde action onto CB1-carrying presynaptic elements (Fig. 10) .
Base of the spine neck is the major site of 2-AG synthesis in Purkinje cell Distribution of DAGL␣ immunolabeling was highest in Purkinje cells, in which the following features were documented. First, DAGL␣ was detected with the C-terminal antibodies in the cytoplasmic side of the plasma membrane (Fig. 5D ). This is consistent with the predicted molecular configuration of DAGLs that has four putative transmembrane domains with both termini inside the cell (Bisogno et al., 2003) . Second, DAGL␣ was selective to somatodendritic elements, with the highest level in spiny branchlets and progressively decreasing toward the soma. Third, DAGL␣ was highly enriched at the base of spine neck but virtually excluded from the rest of the spine membrane. This particular enrichment was clearly demonstrated by the postembedding immunogold method but appreciated insufficiently by immunofluorescence and preembedding immunogold methods. The facili- tated detection by the postembedding immunogold method suggests that molecular assembly at the base of the spine neck is tightly organized in Purkinje cells, probably for the shaping of dendritic spines and the anchoring of particular molecules, such as DAGL␣.
In Purkinje cells, ERS is induced at both parallel fiber and climbing fiber synapses by either depolarization of Purkinje cells and the resultant elevation of [Ca 2ϩ ] i increase to ϳ15 M (Kreitzer and Regehr, 2001a; Brenowitz and Regehr, 2003) or strong activation of mGluR1 Brown et al., 2003) . The induction of ERS is greatly enhanced when parallel fiber stimulation is combined with climbing fiber stimulation (Brenowitz and Regehr, 2005) or when subthreshold mGluR1 activation is combined with [Ca 2ϩ ] i increase to a submicromolar range . Parallel fibers and climbing fibers innervate spines of spiny branchlets or proximal dendrites, respectively. AMPA receptors are densely localized at the synaptic junction on the spine head and mediate fast excitatory synaptic transmission (Nusser et al., 1994) , whereas mGluR1␣ and its downstream signaling molecules, G␣q/11 and PLC␤4, are all concentrated at the perisynaptic region on the spine head and produce DAG (Baude et al., 1993; Nakamura et al., 2004) . CB1 is highly enriched at the perisynaptic region of parallel fiber terminals (Kawamura et al., 2006) . Thus, the base of the spine neck is close to both the glutamate receptorcarrying postsynaptic site and the CB1-carrying presynaptic site (Fig. 10 A) . In addition, DAGL␣ is most densely accumulated at the base of the spine neck among DAGL␣-possessing somatodendritic elements. These results suggest that the base of the spine neck is the major site of 2-AG synthesis in response to excitatory synaptic activity. This characteristic distribution would contribute to the sharpening of input specificity for endocannabinoid signaling. Our present finding that CB1 is preferentially accumulated on the synaptic side of axolemma appears important. Because the 2-AG-degrading enzyme monoglyceride lipase (MGL) is selectively localized in axons and terminals (Dinh et al., 2002; Gulyas et al., 2004) , this preferential distribution would enable 2-AG to activate CB1 without passing through MGL-rich axoplasm and thereby contributes to the increasing of efficiency for endocannabinoid signaling.
Then why is DAGL␣ excluded from the spine head? DAG also functions as an activator for PKC. Like DAGL␣, PKC␥ is particularly abundant in Purkinje cells and activated downstream to the mGluR1 cascade (Kose et al., 1988; Nishizuka, 1992) . The major mGluR1 signaling cascade in Purkinje cells, i.e., mGluR1-G␣q/11-PLC␤4 -PKC␥, is crucial for climbing fiber synapse elimination and motor coordination (Kano et al., 1995 (Kano et al., , 1998 Offermanns et al., 1997) . Our immunogold electron microscopy revealed wide distribution of PKC␥ in Purkinje cell spines, including the head and neck portions (supplemental Fig.  S1 , available at www.jneurosci.org as supplemental material). One possibility is that DAGL␣ is excluded from the spine head so that DAG can efficiently activate PKC␥ within spines, before its catalysis into 2-AG. When DAG production is increased enough to spread over to the base of the spine neck, 2-AG synthesis would be initiated and induce ERS. If DAGL␣ were distributed on the spine head as well, ERS would occur more preferentially and potently at the nearby excitatory synapse than at remote inhibitory synapses. Thus, the restricted localization is also likely to coordinate induction threshold and magnitude of ERS at excitatory and inhibitory synapses.
Somatodendritic surface of Purkinje cells is an additional site for 2-AG synthesis
The surface of dendritic shafts and soma is mainly innervated by inhibitory interneurons, i.e., stellate cells and basket cells. CB1 is expressed in these interneurons (Mailleux and Vanderhaeghen, 1992) and localized abundantly in their axons and terminals (Tsou et al., 1998; Kawamura et al., 2006) . ERS can be induced at these inhibitory synapses after strong depolarization of Purkinje cells (Kreitzer and Regehr, 2001b; Diana et al., 2002; Yoshida et al., 2002; Brenowitz and Regehr, 2003) and by activation of group I mGluR (Galante and Diana, 2004) . We show that the cell membrane of dendritic shafts and soma possess DAGL␣, although at a much lower level than the base of the spine neck. The wealth of CB1 on inhibitory axons and terminals and the distribution of DAGL␣ on nearby somatodendritic membrane suggest that ERS is induced at inhibitory synapses by 2-AG, which is synthesized at local somatodendritic surface as well as at the base of the spine neck (Fig. 10 A) .
In adult Purkinje cells, the density of spines is much higher at spiny branchlets than at proximal dendrites, which reflects innervation territories of parallel fibers and climbing fibers (Ichikawa et al., 2002) . In contrast, spines are extremely rare in the soma, because this domain is predominantly innervated by basket cell axons in adults. By pursuing occasional spotty labeling on somatic surface, we could find somatic spines and selective DAGL␣ labeling around the spines (Figs. 4C,D, 7D, E) . At P10, when somatic spines are numerous, a number of DAGL␣ labeling was observed on the somatic surface just beneath climbing fibersomatic spine synapses. Conversely, distalmost dendrites of Purkinje cells at P10 are poorly developed in terms of spinogenesis and synaptogenesis and extend filopodium-like processes instead of mature spines (Yamada et al., 2000) . DAGL␣ was already expressed as spotty labeling on such immature dendrites (Fig. 7C) . Therefore, DAGL␣ expression appears to be linked closely with the formation of spines and/or excitatory synapses, i.e., DAGL␣ is targeted to around spines or synapses when they are formed and matured but disappears when they are lost. This targeting mechanism will explain the distal-to-proximal gradient of DAGL␣ expression along the somatodendritic surface of adult Purkinje cells.
Spine is the major site of 2-AG synthesis in hippocampal pyramidal cell CB1 and 2-AG mediates ERS in the hippocampus as well (Hajos et al., 2000; Varma et al., 2001; Wilson and Nicoll, 2001; Hashimotodani et al., 2005) . We found postsynaptic expression of DAGL␣ in hippocampal pyramidal cells, but its subcellular distribution is different from that of Purkinje cells. DAGL␣ labeling was mainly present in dendritic spines. Within spines, DAGL␣ was detected in either the spine head or neck in some spines, whereas both portions were labeled in others. Furthermore, DAGL␣ labeling was dense in the stratum radiatum, whereas the labeling was considerably low in the stratum lacunosummoleculare. This result suggests that trafficking of DAGL␣ is regulated in an input-selective manner in given CA1 pyramidal cells. The input-selective expression would facilitate DAGL␣-mediated 2-AG synthesis at synapses receiving particular excitatory inputs, such as the Schaffer collaterals. CB1 is expressed at high levels in inhibitory terminals of cholecystokinin-positive interneurons (Katona et al., 1999; Tsou et al., 1999) , whereas the level is ϳ20 -30 times lower in excitatory terminals (Kawamura et al., 2006) . Electrophysiological data demonstrate that threshold for depolarization-induced ERS is much lower at inhibitory synapses than at excitatory synapses in the hippocampus (Ohno-Shosaku et al., 2002) . Although strong activation is required, ERS at hippocampal excitatory synapses might occur rather selectively at the activated synapse because of low CB1 expression in excitatory terminals and abundant expression of DAGL␣, AMPA receptors (Baude et al., 1995) , mGluR5 (Luján et al., 1996 (Luján et al., , 1997 , Gqprotein , and PLC␤1 (our unpublished data) in postsynaptic spines (Fig. 10 B) . In contrast, ERS will be readily induced at local inhibitory synapses carrying high levels of CB1. The lack of dendritic expression of DAGL␣ further suggests that ERS at such inhibitory synapses is triggered by 2-AG synthesized and released from spines forming excitatory synapses.
In conclusion, DAGL␣ is targeted to postsynaptic spines in both cerebellar and hippocampal neurons, which should be important for efficient production of 2-AG depending on excitatory synaptic activity. The difference in its fine distribution around spines may be attributable to differences in the synaptic organization and in the density of presynaptic CB1 between the cerebellum and hippocampus. The localization of DAGL␣ may be regulated so that 2-AG can readily reach presynaptic CB1 and exert its swift retrograde modulation.
